A large spin current applied to a uniform ferromagnet leads to a spin-wave instability as pointed out recently. In this Letter, it is shown that such spin-wave instability is absent in a state containing a domain wall, which indicates that nucleation of magnetic domains occurs above a certain critical spin current. This scenario is supported also by an explicit energy comparison of the two states under spin current. DOI: 10.1103/PhysRevLett.94.076601 PACS numbers: 72.25.Ba, 75.40.Gb Magnetization dynamics driven by spin torque from a spin polarized current (spin current) has been studied extensively after the theoretical prediction [1,2] that a spin current can be used to flip the magnetization in pillar (or spin valve) structures [3] [4] [5] [6] [7] [8] . As a theoretical framework to describe such current-induced magnetization dynamics, Bazaliy, Jones, and Zhang (BJZ) [9] derived a modified Landau-Lifshitz-Gilbert (LLG) equation for a fully polarized ferromagnet (half metal) with a new term proportional to j rn. This new term represents a spin torque that a current of density j exerts on a local magnetization n. Later on, it was generalized to the partially polarized case with an interpretation of j as the spin current density, j s [10, 11] . In the Hamiltonian, the effect of spin torque appears in a form
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where and are polar angles which parametrize n. As seen from this form, spin current favors a magnetic configuration with spatial gradient, or more precisely, with finite Berry-phase curvature. It is thus expected that a large spin current destabilizes a uniform ferromagnetic state. This is indeed seen from the spin-wave energy [9] [10] [11] ,
where J=K p and K ? =K, with J, K, and K ? being exchange, easy-axis anisotropy, and hard-axis anisotropy constants, respectively, of localized spins. The first term is the well-known spin-wave dispersion with anisotropy gap. The effect of spin current appears in the second term as the ''Doppler shift'' [10] , where v s / j s represents drift velocity of electron spins. For sufficiently large v s , uni k becomes negative for a range of k. This means that there exist states with negative excitation energy, indicating the instability of the assumed uniformly magnetized state [9] [10] [11] . The true ground state under spin current, however, remains to be identified.
In this Letter, we point out that the possible ground state is a state containing domain walls. Namely, the energy of a domain wall becomes lower than the uniform ferromagnetic state when a spin current exceeds a certain critical value j cr s . The behavior of nucleated domains depends much on the magnetic anisotropy parameters; the flowing domain wall is stable when the anisotropy is of uniaxial type. For the case of large hard-axis anisotropy, the static domain wall is stable at the nucleation threshold, but when it starts to flow under a larger current, even a state with a domain wall becomes unstable. The nature of the resulting state is still unknown.
Our prediction of domain formation by spin current may be related to the very recent experimental observations in metallic and semiconducting pillars and films [12 -17] , which suggest spatially inhomogeneous magnetization reversal. Domain nucleation is also suggested by recent numerical simulation [18] .
We start by extending the formulation of BJZ [9] to an arbitrary degree of polarization, and derive the effective Lagrangian for magnetization which is slowly varying in space and time by assumption. With this effective Lagrangian, we calculate spin-wave dispersion around a domain-wall solution in the presence of spin current. The spin-wave Doppler shift term now has the form kv s ÿ _ X, where _ X is the speed of the domain wall. From this result, we find that the spin-wave instability does not occur around a domain wall for any large spin current if the anisotropy is of uniaxial type (K > K ? ). This suggests that the true ground state is a multidomain state with domain walls. These domain walls turn out to be flowing with average speed equal to drift velocity v s of electron spin determined by the spin current. The stability is then understood from Galilean invariance, since a domain wall moving with speed _ X v s is equivalent to a domain wall at rest and in the absence of spin current.
The situation is slightly different in the case of large hard-axis anisotropy, K ? K. Domain walls created by the spin current above j cr s are at rest if the current is below depinning threshold, j depin s / K ? >j cr s . At higher current, the walls start to flow, but this triggers another spinwave instability. Thus multidomain state collapses for j s > j depin s into another new ground state which is still unknown [19] . We defer this new state to future studies.
We consider a ferromagnet consisting of localized spins and conduction electrons. The spins are assumed to have an easy z axis and a hard y axis and are described by the Lagrangian
We have adopted a continuum description for localized spins, Sx; t Snx; t, with unit vector nx; t sin cos; sin sin; cos and the magnitude of spin, S. The J is the exchange constant, and a is the lattice constant. The easy-axis (K) and hard-axis (K ? ) anisotropy constants generally incorporate the effect of demagnetizing field. The exchange interaction between localized spins and conduction electrons is given bŷ
where 2 andĉ (ĉ y ) are the energy splitting and annihilation (creation) operators of conduction electrons, respectively, and is a Pauli-matrix vector. The free-electron part is given byĤ
. We perform a local gauge transformation [20, 21] in electron spin space so that the quantization axis is parallel to Sx; t at each point of space and time;ĉx; t Ux; tâx; t, whereâx; t is the two-component electron operator in the rotated frame, and Ux; t mx; t is an SU(2) matrix with mx; t sin=2 cos; sin=2 sin; cos=2. The electron part of the Hamiltonian is now given byĤ el 
Here, A q; t R d 3 xe ÿiqx A x; t with A x; t m @ m representing SU(2) gauge field with space ( x; y; z) and time ( 0) components.
For slowly varying magnetic configurations, the effective Lagrangian can be derived by a perturbative expansion with respect to A . This is the gradient expansion. In conformity with L S , we retain terms up to second order in spatial gradient or in A i (i x; y; z), and first order in time derivative or in A 0 . The spin-torque term, P
x h e j s A z , arises from the first-order contribution hĤ int i. Here j s e V P k hk m f k is the spin current density in the rotated frame, with a distribution function f k hâ y k tâ k ti specifying the state carrying current. Other terms just give renormalizations of J and S [20] . The effective Lagrangian is thus given by
The second term, given by Eq. (1), with j s is identical to that derived by BJZ [9] for the half-metallic case. It is seen that spin current favors a finite Berry-phase curvature along the current. The modified LLG equation can be obtained by taking variations of L eff with respect to and . It has the same form as in BJZ, and is applicable to the general slowly varying spin texture, and to the case of arbitrary degree of polarization. Let us now study the spin-wave excitation around a domain-wall solution under spin current by using the method of collective coordinate [22] . The wall is assumed to be planar and moving in the direction perpendicular to the plane (chosen as the x direction). It is convenient to use a complex field x; t e ix;t tan x;t 2 to represent magnetization. We decompose it into the domain-wall configuration and spin waves around it: [23, 26] , whose amplitude k precisely corresponds to the Holstein-Primakoff boson. (L is the length of the system in the x direction.) Substituting (8) PRL 94, 076601 (2005) P
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where N 2A=a 3 is the number of spins in the wall (A is the cross-sectional area of the wall),
h . Details of the calculation will be presented in a separate paper. From Eq. (9), we find the spin-wave dispersion around a current-driven domain wall:
The most important difference from the case of uniform ferromagnet is that the drift velocity v s a 3 2eS j s of spin current appears as a relative velocity, v s ÿ _ X, with respect to the moving wall.
Equation (10) shows that the spin-wave energy depends strongly on the wall dynamics (through _ X and 0 ). From the equations of motion for the domain wall [21] 1 p is the critical spin current density for the instability of a uniform ferromagnet [9] [10] [11] . Since the domain wall flows for j s > j , it starts to flow as soon as it is created [ Fig. 1(a) ]. The stability of the moving domain-wall state is natural from Galilean invariance since the domain wall with velocity of v s is equivalent to the static domain wall without spin current.
In the opposite case, K ? > K, the spin wave shows no anomaly as long as j s < j We have thus shown that the spin-wave instability under the spin current is avoided by the existence of a domain wall. This may indicate that domain nucleation occurs under spin current. We cannot, however, answer here how many domains are created. The above argument holds for each segment larger than the wall thickness, , and thus the domain wall can be nucleated with spacing of . For a correct estimate of the spacing, however, we need to consider the dipolar interaction among domains. We do not pursue this point in this Letter.
We here present a supporting argument for the above scenario of domain formation by evaluating explicitly the total energy of a domain wall in the presence of spin current. We consider only the case K K ? and j 
